Abstract-Modelling traffic generated by Internet-based multiplayer computer games has attracted much attention in the past few years. This has been driven by a need to simulate correctly the network impact of highly interactive online game genres such as the first person shooter (FPS). Packet size distributions and autocovariance models are important elements in the creation of realistic traffic generators for network simulators. In this paper we present techniques for creating representative models for N-player FPS games based on empirically measured traffic of 2-player games. The models capture the packet size distribution as well as the time series behaviour of game traffic. We illustrate the likely generality of our approach using data from seven FPS games that have been popular over the past nine years: Half-Life, Half-Life Counterstrike, Half-Life 2, Half-Life 2 Counterstrike, Quake 3 Arena, Quake 4 and Wolfenstein Enemy Territory.
INTRODUCTION
Modelling traffic generated by Internet-based First Person Shooter (FPS) multiplayer computer games has attracted a great deal of attention in the past few years [1] [2] [3] [4] [5] [6] as this genre is generally intolerant of packet loss, jitter and high latency.
In order to produce good traffic models, we need to determine the relationship between traffic generated by FPS games and the number of players and incorporate any correlation effects into the models. Understanding how FPS traffic varies with the number of players allows us to predict what happens to delay and jitter when the traffic is multiplexed with other types of traffic and what link and server capacities are necessary to meet a given grade of service. Web and other traffic has been well modelled and the models used to predict the consequences for the Internet, we should also produce game traffic models that can be used in the same way. This paper improves on the time series behaviours and packet size distributions predicted by existing game traffic models.
Since the initial work by Borella [1] , FPS game traffic has usually been modelled by fitting an appropriate standard distribution to the observations from the empirical packet traces. However, a major shortcoming of this approach is that the correlation in the traffic is lost, as the traffic variables are simply drawn from the appropriate distribution.
Branch et al. [7] used a Discrete Markov Chain model to capture the short term correlation for the server to client packet sizes of a 2-player game, the resulting Markov model could predict statistics of an N-player game. This approach, has limitations in that the packets sizes are integer multiples of the median packet size of a 2-player game which is not the case in practice. Further work by Cricenti et al. showed that an ARMA(1,1) model captured the time-series behaviour of FPS game traffic well [8] , whilst Branch et al. [9] presented a method where the traffic characteristics of N player FPS games could be derived from the measurements of the traffic statistics of 2 and 3 player games. Other work [10] has shown that FPS game traffic may have long range dependencies, given this finding there is a need to extend the current models for the server to client packet length to allow for both short and long range correlations.
In this paper we propose that a FARIMA modelling framework can be used to account for any long range and/or short range correlations in the traffic, and we propose and illustrate a technique for extrapolating this FARIMA model to predict N-player traffic statistics based on the empirical measurements of the traffic for a 2-player game. The extrapolated traffic sequences (based on FARIMA(p,d,q) models) both capture the time series behaviour and the packet length distribution of the traffic. This allows small-scale empirical measurements to be applied to larger scale simulations of FPS traffic. We illustrate the generality of our approach using data from seven FPS games released between 1998 and 2006: Half-Life, Half-Life Counterstrike, Quake 3 Arena, Quake 4, Wolfenstein Enemy Territory, Half-Life 2 and Half-Life 2 Counterstrike. This paper is structured as follows. Section II discusses the nature of FPS game traffic and explains why server to client packet lengths are of most interest. Section III introduces the generalised FARIMA time series analysis. Section IV shows how prediction models can be constructed based on FARIMA(p,d,q) models for large numbers of players from data for games with only small numbers of players. Section V presents results that show that there is good agreement between server to client packet lengths generated synthetically using this technique and packet lengths measured empirically from game trials. Section VI is our conclusion.
II. FIRST PERSON SHOOTER GAMES A typical FPS game involves a game server on the Internet and players joining the game using client software running on a PC or IP-enabled game console. In order for online FPS games to ensure that game-state information is shared amongst all players in near real-time, every client's actions are sent in short messages to the server, and so every client is regularly updated with the actions taken by other players.
The client to server traffic usually consists of small IP packets whose size distribution is independent of the number of players on a given server. However, the server to client traffic usually shows distinct variation as the number of players increases. Clients generate events describing a single player's activity. Typical humans can trigger only a limited number of events in any given 10-40ms window, hence client to server packets are typically much smaller than server to client packets, and exhibit very limited variation in size [5, 6] , whilst packets in the server to client direction exhibit substantial variations in length [6] . Thus the server to client traffic is more interesting from a modeling point of view.
III. FARIMA MODELS OF FPS GAME TRAFFIC Cricenti et al. showed that FPS server to client traffic is well modelled by mixed autoregressive / moving average (ARMA) models [8] . The disadvantage of these models is that they cannot capture the long range correlated nature of the traffic. Some authors [10] have claimed that FPS game traffic may exhibit long range dependence (LRD). If this is true, then ARMA models are not general enough. We now propose a general traffic model that can be used to model FPS traffic that exhibits both short and long range dependence.
ARMA(p,q) models capture the short range correlation nature of a time varying signal through a combination of an autoregressive (AR) and a moving average (MA) component. The parameters (p,q) describe the number of terms in the AR and MA components respectively. The FARIMA(p,d,q) [11] is a more general model that captures the long range correlation nature by including the extra parameter d.
In general for a time-series X t , we a FARIMA(p,d,q) process define as:
where Φ(B) is the autoregressive polynomial of degree p, Θ(B)
is the moving average polynomial of degree q and d is the degree of differencing.
B is the backshift operator defined as:
and ∇ d is the fractional differencing operator defined as:
The residuals ε t in (1) are assumed to be independent identically-distributed (iid) random variables with zero mean and variance σ 2 . The FARIMA(p,d,q) model is flexible since adjusting the parameters enables the model to be suitable for a range of FPS games irrespective of whether they exhibit LRD or not. Fitting a FARIMA model, involves the estimation of the ARMA parameters using traditional methods and the estimation of the differencing parameter d which is related to the Hurst parameter (H). Various methods are suggested in the literature for estimating the Hurst parameter, a summary of the techniques is presented in Clegg [12] .
IV. PREDICTION MODELS BASED ON FARIMA(p,d,q)
Branch et al. showed that an ARMA(1,1) model of a 2 and 3-player game can be extrapolated to games with larger numbers of players [9] . We now show how FARIMA(p,d,q) models can be used to predict FARIMA(p,d,q) models for Nplayer games, where N ≥ 3.
We make a number of assumptions in our analysis: • The nature of game play for individual players does not change significantly regardless of the number of players.
• Players have similar behaviour. They may not be of similar ability but will engage in similar activities in much the same way as each other. These assumptions propose that the random variable describing the time series behaviour of an N-player game can be constructed by adding the random variables describing the behaviour of smaller player games. Assuming that the players have similar behaviour and that individual game play does not change with increasing players, we propose that, for example, the random variable describing the time series behaviour of a 5-player game can be constructed by adding the two random variables that describe a 2-player and a 3-player game. These are simplifying assumptions that only approximate the true nature of FPS games. Nevertheless, by making them we can develop a simple technique for predicting the time series behaviour of games with larger number of players. We now formalize this analysis.
A 2-player game is described by the FARIMA(p,d,q) sequence:
Consider two 2-player game sequences generated by the above model:
As we assume that player behaviour is similar, we would expect two different games to be described by the same parameters Φ(B), d and Θ(B). Based on our assumptions we can predict that a typical four player game can be described by:
We note that this expression has the form: If we denote the probability mass function (PMF) of the 2-player game residuals ε 2,t by f ε2 and the PMF of the 4-player ε 4,t by f ε4 then our modelling predicts that f ε4 can be obtained from a convolution of f ε2 and itself . That is:
We can extend this argument by recalling our assumptions that players behave similarly, this implies that each player draws the residuals from an identical distribution. Therefore the residuals of the 2-player game are given by the autoconvolution of a residual generating PMF f εg . That is:
12) The residual generating PMF can be determined from the 2-player game by deconvolution techniques. This generating PMF can be used as the basis of building the residual PMFs for N player games by repeated auto-convolutions. The Nplayer game can be described by: where ε N,t is determined from the N-fold auto-convolution of residual generating PMF.
This method's advantage over that proposed by Branch [9] is that only one set of measurements is required as opposed to having to take measurements from 2 and 3-player games.
V. RESULTS The key result we present in this section is the application of the previous analysis to predict the PMF and ACF of server to client packet length for seven FPS games. For reasons of space we only show plots for a selection of games, but similar analysis was carried out for all seven games with the number of players ranging from 3 to 9. (For Quake 4 the maximum number of players was 7). The empirical results were obtained from game sessions of approximately 20 minutes duration, with approximately 20,000 samples for each player.
A. Plots of PMFs and ACFs
The following graphs are a sample of the predicted and empirical PMFs and ACFs. In all cases the agreement between the predicted and empirical results is satisfactory. The plots were obtained as follows:
• Capture statistics of traffic during active game play.
• Determine d, φ and θ for the 2-player game.
• Determine the residuals ε 2,t for the 2-player game and from these determine f εg by deconvolution.
• Take N auto-convolutions of f εg to construct synthetic residual PMFs of games with N players.
• Generate a sequence of packet lengths using the d, φ and θ and the synthetic residual PMFs.
• Extract and plot on the same set of axes the PMF and ACF from the synthetic and the empirical sequence. For the FPS games in this study we found that d≈0, so we have an FARIMA(p,0,q) or ARMA(p,q) model. Based on Branch [9] we use an ARMA(1,1) model for the subsequent results.
Overall most of the games show a very good match between the empirical and synthetic PMFs for the various scenarios. The synthetic PMF for the Half-Life Deathmatch is excellent even up to 9 players. The empirical PMFs for HalfLife 2 Counterstrike and Deathmatch do not have any packets smaller than 29 and 37 bytes respectively; whilst Quake 4 has a spike at 27 byte packets and trough at 263 byte packets. These peculiarities can be incorporated into the simulation model, if necessary, by truncating the synthetic PMFs, but at this stage we were more interested in how well we can generate the synthetic PMFs from the generating PMF, so we have not incorporated these specifics in our modelling. The synthetic ACFs generally die off quicker than the empirical ACFs, but the results suggest that the server to client packet lengths for N-player games can be successfully predicted from the 2-player game (or any other number of players) by the method presented in this paper. 
B. Analysis of Residuals
A consequence of our analysis is that the residuals ε t of games with larger numbers of players should be able to be predicted from residuals of the 2-player game using equations (12) and (14). We now illustrate that this is the case. Figure 8 shows the predicted and empirically obtained residuals for 4 player games. We see that there is an excellent match for most games, whilst for Half-Life 2 and Half-Life 2 Counterstrike the match is acceptable. These results are typical of the other scenarios, again, for reasons of space we present a small number of examples to illustrate this point. From the graphs in figure 9 we note that the shape of the residuals PMF does not vary significantly as the number of players is increased; however, the scale and location parameters change. This suggests that the residual's distribution may be "stable" (e.g. Gaussian, Cauchy or Lévy). If this is indeed the case, then the parameters of the residual generating PMF can be derived from the 2-player residuals without having to perform a deconvolution, this needs to explored further. VI. CONCLUSION In this paper we have presented a general model for FPS game traffic that captures the correlated nature of the server to client packet size based on a FARIMA(p,d,q) model. We have shown how the model of a 2-player game can be extrapolated to games with larger numbers of players by deriving a generating PMF for the residuals of the FARIMA model. This work should facilitate the construction of FPS game traffic simulators for new games.
In obtaining these models we have made simplifying assumptions that seem to be supported by the agreement between the empirical and synthetic models. Nevertheless, future research will involve investigation into the limits of the assumptions used to generate these models and how they may need to be modified for new games.
Finally the purpose of developing models is to use them to investigate network performance issues. We will use these models to investigate how FPS games interact with other applications and what techniques are likely to be successful in minimizing their impact on each other. 
